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Background: This study evaluated the ability of endovascular optical coherence tomography (eOCT) to detect qualitative
tissue alteration and quantitative changes of vein wall thickness and vein lumen diameter comparing endovenous
radiofrequency ablation (RFA) and endovenous laser therapy (ELT) in an established ex vivo model.
Methods:Endoluminal eOCTwas performed bymeans of a new prototype rotating system (SystemM1, LightLab Imaging
Inc, Boston, Mass) with automatic pullback of 1 mm/s. In the course of an eOCT examination of a 50-mm vein segment,
264 electronic cross section images with a spatial resolution of 15 to 20mare acquired. The eOCT scans were performed
before and after treatment of each of 13 treated vein segments and of six control vein segments. Thirteen subcutaneous
cow foot veins were reperfused in situ, and the defined 50-mm vein segments in the study were treated with RFA (n 2)
and ELT (n  11). RFA followed the clinical VNUS-Closure protocol (VNUS Medical Technologies, San Jose, Calif)
using a 6F 60-mm Closure-Plus catheter. ELT was performed using light of   980 nm with a laser power of 3 (n 2),
5 (n  2), and 7 W (n  4) with a paced pullback protocol with laser irradiation for 1.5 seconds every 3 mm, resulting
in linear endovenous energy densities (LEED) of 15, 25, and 35 J/cm. Using 11 W (n  3) with a continuous pullback
protocol at 3 mm/s resulted in a LEED of 36.5 J/cm. Ten histologic cross sections of each treated and control vein
segment were correlated with the corresponding eOCT cross sections to evaluate qualitative representation of vein wall
layers and tissue alterations such as ablation and vein wall perforation. In addition, 26 eOCT cross sections of every
treated vein segment before and after treatment and every control vein segment were analyzed to calculate quantitative
changes in media thickness and vein lumen diameter.
Results: In all specimens, qualitative analysis with eOCT demonstrated a clear match with histologic cross sections. A
symmetrical, complete, circular disintegration of intima and media structures, without any transmural tissue defects, was
shown after RFA. Pronounced semicircular tissue ablations (3 to 14 per 50 mm) and complete vessel wall perforations (0
to 16 per 50 mm) were detected after ELT. The quantitative analysis demonstrated a significant (P < .0001) increase in
intima-media thickness after RFA (37.8% to 66.7%) and ELT (11.1% to 45.7%). A significant (P < .0001) reduction of
vessel lumen diameter (36.3% to 42.2%) was found after RFA. Owing to the limited number of treated vein segments and
inhomogeneous baseline vein lumen diameters, no linear correlation between laser energy level and effects on tissue such
as ablation/perforation, media thickening, or vein lumen diameter could be identified.
Conclusions: In our ex vivo cow foot model, eOCT is able to reproduce normal vein wall structures and endovenous acute
thermal alterations, such as tissue ablation and vessel wall perforations. Endovenous eOCT images can also be analyzed
quantitatively to measure media thickness or vein lumen diameter. Endovascular OCT could become a valuable
alternative tool for morphologic investigation of tissue alterations after endovenous thermal procedures. ( J Vasc Surg
2007;45:1047-58.)
Clinical Relevance:Clinical data indicate that endovenous radiofrequency ablation (RFA) and laser therapy (ELT) can be
performed safely; however, reports of recanalization, phlebitis, ecchymosis, and paresthesia indicate a certain potential for
improving clinical results. Parallel with clinical trials, experimental studies could also help to identify certain treatment
protocols that lead to effective collagen denaturation, vein wall thickening, and reduction of vein lumen diameter with
minimal perivascular injury. This article reports the first results, to our knowledge, of a standardized experimental
evaluation of endovenous radiofrequency and laser therapy using a newly developed ex vivo model. A new prototype
endovascular high-resolution optical imaging procedure, endovascular optical coherence tomography (eOCT), was also
used. The analysis of effects on tissue showed a pronounced and more reproducible collagen denaturation after RFA
compared with ELT with a bare-tipped optical fiber. This report extends the understanding of tissue effects and offers
suggestions for technical improvements especially for ELT. In the context of the endoluminal vein treatment presented,
eOCT will mainly be used in experimental settings. When technical problems in this prototype device have been
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investigating effects on tissue after RFA and ELT as an additional instrument alongside transcutaneous duplex
ultrasound, but not in clinical routine. This new method could be of interest for investigating saphenous veins in situ to
evaluate the suitability for venous bypasses or for intraoperative quality control of bypass anastomoses. Beyond that, the
monitoring of percutaneous intra-arterial or of intravenous interventions such as balloon angioplasty and stent
implantation should be possible.Endovenous radiofrequency ablation (RFA) and en-
dovenous laser therapy (ELT) are established techniques in
clinical routine for occluding incompetent saphenous veins.
The aim of complete, irreversible occlusion without any
perivenous injury cannot be achieved in all patients, how-
ever.1-4 Various clinical data and experimental findings
indicate a certain potential for developing and optimizing
both procedures to achieve higher occlusion rates without
adverse events such as ecchymosis, hematoma, phlebitis,
nerve injury, or recanalization.5-11 Parallel with clinical
studies, theoretic and experimental models for endovenous
thermal treatment could help to identify the most effective
treatment protocols with minimal perivascular injury.
For the standardized experimental evaluation of imme-
diate macroscopic and microscopic changes after en-
dovenous thermal ablation with RFA and ELT, our group
created cost-effective ex vivo cow foot model.12 In addition
to macroscopic and microscopic evaluation, a prototype
endoluminal optical coherence tomography (eOCT) sys-
tem was introduced allowing for a reproducible, high-
resolution morphologic examination of vein wall structures
with high sensitivity and specificity.13
This study evaluated the ability of eOCT to demon-
strate immediate thermal changes after RFA and ELT using
various treatment protocols. This investigation covered
qualitative alterations such as the number and characteris-
tics of ablations and perforations as well as quantitative
changes such as the post-treatment increase of media thick-
ness and the reduction of vessel lumen diameter. The study
also investigated whether these tissue effects correlate with
the applied laser energy level.
METHODS
Ex vivo model. The ex vivo model consists of the left
hind foot of a cow (18 to 24 months old and weighing 550
to 650 kg) slaughtered 1 to 3 hours before the investiga-
tion. This foot contains a subcutaneous vein 20.0 to 25.0
cm in length and complete vessel diameter of 3.5 to 5.5 (V.
saphena lateralis and V. digitalis dorsalis communis III),
which is suitable for treatment with clinical systems for
endovenous RFA and ELT (Fig 1.).12
In this experimental protocol, which was approved by
the Institutional Review Board of the University of Mu-
nich, the overlaying skin was removed and the V. digitalis
dorsalis communis III was cannulated distally by a sheath
system (6F for RFA, 5F for ELT, 4F for control veins).
Superficial veins were reperfused with heparinized blood
and an intraluminal pressure of 5.0 to 10.0 cm H2O was
established for 15 seconds. For endovenous thermal treat-
ment, the overlaying dissected skin flap was repositioned,and blood flow through the sheath system was reduced to
approximately 6.0 mL/min, resulting in no significant
positive intraluminal pressure. Perivenous tumescence was
not used in this series. A total of 19 ex vivo specimens were
examined, each foot containing a 50-mm study vein length
of V. saphena lateralis or V. digitalis dorsalis communis III.
Thirteen blood-reperfused vein segments (SV1 to SV13)
were treated either with RFA (n  2) or ELT (n  11) at
various energy levels. Six control vein segments (CV1 to
CV6) were examined without endoluminal treatment.
Endovenous radiofrequency ablation. The Closure
System (VNUSMedical Technologies, San Jose, Calif) was
used for RFA. A 6F 60-mm catheter (Closure-Plus) was
continuously pulled back manually. Because of the feed-
back system, a constant setpoint temperature of 85°C was
maintained at the probe tip and the vessel wall, resulting in
a mean pullback velocity of 0.5 mm/s.
Endovenous laser therapy. ELT was performed us-
ing a diode laser (CERALAS D15 ELVeS, CeramOptec
GmbH, Bonn, Germany) emitting light of the wavelength
  980 nm, transported through a 600-m bare-tipped
optical fiber to the endovenous treatment area through a
5F sheath system. In eight treated vein segments, laser
energy was applied by interval irradiation. Laser power of 3,
5, or 7 W was applied for an irradiation time of 1.5 second
per spot. A paced pullback of the laser fiber together with
the sheath resulted in laser irradiation spots at 3-mm inter-
vals. In three treated vein segments (SV7 to SV9), laser
energy was applied by continuous irradiation. Laser power
was set to 11W with a continuous pullback velocity of 3.0
mm/s of the laser fiber in all three segments.
To examine changes in effects on tissue using differ-
ent laser energy levels, the linear endovenous energy
density (LEED)14 was calculated according to equation:
LEED (J/cm)  LP (W)  [IT (sec)/VL (cm)], where
LP is laser power, IT is irradiation time, and VL is the
treated vein length.
The IT value for a complete treated vein segment was
25 seconds with paced pullback and 16.7 seconds with
continuous pullback treatment. The LEED with continu-
ous pullback was 36.5 J/cm using 11 W. Using paced
pullback, LEED values were 35.0 J/cm using 7 W, 25
J/cm with 5 W, and 15 J/cm with 3 W.
The endovenous fluence equivalent (EFE)14 was also
calculated for every ELT-treated vein segment using the
equation: EFE (J/cm2)  LP (W)  IT (sec)/VS (cm2),
which describes the energy level applied to inner vein
surface (VS), with VS (cm2)  2   LR (cm)  VL
(cm), with LR the vein lumen radius.
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vein-segments is given in Tables I and II. LEED and EFE
were calculated according to laser power, pullback pro-
tocol, and vein-lumen radius, respectively, for all ELT-
Fig 1. Cow foot model (left hind extremity) for standard
study vein segments of vena saphena lateralis and vena digi
marked. Endovenous thermal treatment was performed aft
Table I. Treatment parameters and qualitative results of t
treatment in 13 study vein segments
Code† Treatment Power (W) Type
Pullback Velocity
(mm/s)*
SV1 RFA 0-6 C 0.5
SV2 RFA 0-6 C 0.5
SV3 ELT 7.0 P P
SV4 ELT 7.0 P P
SV5 ELT 7.0 P P
SV6 ELT 7.0 P P
SV7 ELT 11.0 C 3.0
SV8 ELT 11.0 C 3.0
SV9 ELT 11.0 C 3.0
SV10 ELT 5.0 P P
SV11 ELT 5.0 P P
SV12 ELT 3.0 P P
SV13 ELT 3.0 P P
LEED, Linear endovenous energy density; EFE, endovenous fluence e
C, continuous pullback of treatment device; ELT, endovenous laser therapy
SV7-SV9 experiments were performed with continuous pull back. Therma
were given inmm complete length. All other experiments were performedwi
were given as the total number of all lesions of a segment (n-number).
*Paced pullback of laser fiber, irradiation for 1.5 seconds in steps of 3 mm.
†Study vein segments (50 mm long) with endoluminal treatment.treated vein segments.Endovascular optical coherence tomography.
High-resolution optical in situ examination was performed
by means of a prototype eOCT system (SystemM1, Light-
Lab Imaging Inc, Boston, Mass). The eOCT-system was
valuation of endovenous thermal procedures. The 50-mm
orsalis communis II used in this experimental protocol are
ositioning of skin flap without perivascular tumescence.
ablation and vein wall perforation before and after
ED (J/cm) EFE (J/cm2) ABL (n) (mm) PER (n) (mm)
RFA RFA 0 0
RFA RFA 0 0
35.0 48.9 14 0
35.0 47.2 12 0
35.0 40.5 0 16
35.0 26.1 14 0
36.5 88.0 25 mm 0 mm
36.5 52.3 10 mm 10 mm
36.5 42.6 20 mm 0 mm
25.0 64.7 7 6
25.0 47.1 6 0
15.0 24.9 7 0
15.0 15.4 3 0
lent; ABL, ablation; PER, perforation; RFA, radiofrequency ablation;
with 600 bare fiber; P, paced pullback of treatment device; SV, study vein.
ts (ABL-Ablations, PER-Perforations) result in longitudinal lesions, which








th stepinitially developed for endovascular inspection of the vessels
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structures.16 Previous studies in our group proved a mor-
phologic correlation between histologic cross sections and
eOCT cross sections of cow foot veins using this ex vivo
model.13 As an example, Fig 2 demonstrates similar layered
structures identified as intima (with lamina elastica interna),
media, and adventitia.
In this study, before and immediately after endovenous
thermal treatment, the vein segments were examined by
eOCT using this prototype rotating endoluminal device.
Before introducing the eOCT-device and during eOCT
inspection, veins were flushed with normal saline, establish-
ing a constant intraluminal pressure of 5.0 to 10.0 cm
H2O. The eOCT-light source was a superluminescence
diode-emitting light at a centered wavelength of   1300
nm, with a coherence length of 10 to 15 m.
For cylindrical measurements, the light is fed through
an appropriate optical fiber that rotates in a silicon sheath
(dp  400 m; d  diameter, p  probe). To obtain a
cylindrical cross section, the light is deflected out vertically
from the lumen axis by means of a mirror system on the tip
of the fiber. The light is remitted from structures of the
tissue, detected by the same fiber, and transported to the
measuring interferometer system, which allows a spatial
resolution of 15 to 20 m. Depending on the optical
properties of the vessel wall, the maximum depth from
which a signal could be detected was limited to 1.5 to 2.0
mm.
To receive a measurement of a certain vein segment,
the fiber was withdrawn within the catheter by a motorized
pullback system at a rate of 1.0 mm/s. During this study,
the picture frame rate was set to 5Hz. A total of 264 eOCT
cross-section pictures were obtained for each examined
50-mm-long vein segment.
Microscopy. After in situ examination with eOCT,
vein segments were harvested and prepared for histologic
Table II. Quantitative results of media thickness and lum
segments
Mean MT (mm)
Code Before After Diff (%) P
SV1 0.45 0.62 37.8 .0
SV2 0.36 0.6 66.7 .0
SV3 0.52 0.61 17.3 .0
SV4 0.66 0.74 12.1 .0
SV5 0.35 0.51 45.7 .0
SV6 0.46 0.52 13 .0
SV7 0.45 0.53 17.8 .0
SV8 0.37 0.44 18.9 .0
SV9 0.27 0.31 14.8 .0
SV10 0.54 0.6 11.1 .0
SV11 0.61 0.68 11.5 .0
SV12 0.45 0.54 20 .0
SV13 0.52 0.65 25 .0
Diff, Difference between values before and after intervention; LD, Lumen d
*Wilcoxon.investigation by perfusion fixation with 4% formaldehyde.Ten defined 7-m histologic cross sections (hematoxylin
and eosin [HE] stained) of each treated vein segment and
each nontreated control vein segment were obtained at
5-mm intervals. During light microscopy and descriptive
evaluation, HE cross sections were correlated with corre-
sponding pretreatment and post-treatment eOCT cross
sections, both for position as well observed structures (eg,
tissue layers, thermal effects).
Qualitative and quantitative evaluation before and
after treatment. All 264 post-treatment eOCT cross sec-
tions of every treated vein segment were analyzed by count-
ing the number of significant tissue ablations (25% of
media thickness) and complete vein wall perforations. The
number of ablations and perforations was listed for each
vein segment.
After the identification of morphologic structures of
the vein walls, a quantitative evaluation of thermal changes
in media thickness and lumen diameter, based on correlat-
ing pretreatment and post-treatment eOCT cross sections
was performed electronically by means of the TapeMeasure
software (INDEC Systems, Mountain View, Calif). This
procedure was used to analyze 26 of 264 eOCT cross
sections (ie, 2-mm intervals within each) for each treated
vein segment (before and after treatment) as well as for each
control vein segment (Fig 3). TapeMeasure was used to
assist in analyzing the eOCT images by marking the vessel
lumen and then the identifiable media-adventitia borders.
After the calibration of the TapeMeasure software, the
media thickness and the lumen diameter could be calcu-
lated for each of the 26 pretreatment and post-treatment
cross section images per vein segment to be studied. Pre-
treatment and post-treatment changes were calculated in
percentages for RFA-treated and ELT-treated vein seg-
ments and correlated with applied energy level (LEED,
EFE) for ELT vein segments.
Statistical analysis. Statistical analysis was performed
ameter before and after treatment in 13 study vein
Mean LD (mm)
Before After Diff (%) P*
3.8 2.42 36.3 .0001
2.55 1.5 41.2 .0001
2.28 2.27 0.4 .08839
2.36 2.61 10.6 .04393
2.75 1.51 45.1 .0001
4.27 2.5 41.5 .0001
1.32 2.2 66.7 .0001
2.22 1.86 16.2 .0005
2.73 2.36 13.6 .0001
1.23 1.84 49.6 .0001
1.69 1.72 1.8 .074
1.92 1.55 19.3 .0001
3.11 2.13 31.5 .0001















iametwith the software JMP 3.2.6 (SAS Institute Inc, Cary, NC).
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particular 50-mm treated vein segment was calculated as
the arithmetic mean value of 26 TapeMeasure measure-
ments taken at 2-mm intervals. The nonparametric Wil-
coxon test was used to compare 26 values of media thick-
ness and lumen diameter before treatment with 26 values
after treatment. A P .05 was considered to be significant.
RESULTS
All eOCT cross sections after treatment demonstrate
similar thermal tissue alteration when compared with cor-
responding, standardized histologic cross sections after
treatment. As an example, Fig 4 demonstrates thermal
changes of vessel wall structures after RFA in the area of a
vein valve (study vein SV2). Thermal alterations are evenly
distributed around the circumference in all cross sections
examined. The corresponding histologic cross section con-
firms the circular disintegration of intima and media with
delamination and circular fissures. The representation of
thermal tissue alteration in post-ELT cross sections matches
perfectly with corresponding standardized post-ELT histo-
logic cross sections.
Fig 5 shows the corresponding pretreatment eOCT,
Fig 2. Correlation of (A) histologic cross section (he
endovascular optical coherence tomography (eOCT) c
histologic cross section, circumferentially intact intima (I
is represented. B, In eOCT cross section intima (I) and l
is represented by signals with changing intensity; collag
There is a sharp boundary (marked by white arrows) be
elastica externa. Owing to limited penetration depth, the
defined. P, eOCT probe.post-treatment eOCT, and post-treatment histologic crosssection after ELT with paced pullback using 5 W in study
vein segment SV11 (LEED, 25.0 J/cm). The correspond-
ing postinterventional histologic cross section confirms the
spot-like localized tissue ablation in the area of increased
thermal alteration and only minor tissue changes in the vein
wall opposite.
Fig 6 shows a further example of the findings after ELT
with 7 W (LEED, 35.0 J/cm) in SV5. Here massive
thermal damage and total wall perforation can be seen in
eOCT to match the corresponding histological cross sec-
tion.
Qualitative analysis of thermal effects on tissue by
endovascular optical coherence tomography. In eOCT
cross sections after RFA, the transitions between the differ-
ent vein wall layers become more diffuse, resulting in a less
layered signal pattern from the vein wall structures. The
boundary between media and adventitia is less sharply
defined. No significant tissue ablation or complete vein wall
perforation is visible in any of the post-RFA eOCT cross
sections.
The eOCT cross sections after ELT demonstrate repet-
itive spot-like intima-media tissue defects (ablations) or
complete vein-wall perforations every 3 mm, correspond-
xylin-eosin stain, original magnification 40) and (B)
section of a untreated control cow’s foot vein. A, In
h lamina elastica interna, media (M), and adventitia (A)
a elastica interna is represented by a bright signal. Media
s fibers and elastic fibers may increase signal intensity.
media and adventitia, which may be caused by lamina






transing to paced laser irradiation pullback. By contrast, abla-
TapeMeasure. L, vessel lumen; M, media; A, adventitia; L, lumen diameter; MT, media thickness.
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May 20071052 Schmedt et alFig 4. Endovenous radiofrequency ablation (RFA) (panels A-C). Corresponding cross sections of a cow’s foot study
vein (SV2) with valve structures. A, Endoluminal optical coherence tomography (eOCT) cross section of a cow foot
vein before RFA treatment representing normal intima, media and adventitia as well as valve structures.B,Correspond-
ing eOCT cross section after RFA with reduced vessel lumen diameter and distinct media thickening of complete
circumference. Valve structures seem to be thickened also.Media shows circular homogenization of signal intensity. No
localized loss of tissue (ablation) is visible. C, Corresponding post RFA histologic (hematoxylin-eosin stain, original
magnification40) cross section represents circular destruction of intima. Media appears to be thickened, comprising
the complete circumference, Nuclear rarefication, loss of cell contours, and delamination with circular fissures
demonstrate thermal injury of media. No areas with carbonization or transmural thermal lesions including adventitiaFig 3. Endoluminal optical coherence tomography (eOCT) and TapeMeasure for quantitative evaluation of thermal
effects such as heat-induced collagen shrinkage with increase of media thickness and reduction of vessel lumen. A.
demonstrates eOCT cross section of a nontreated cow foot vein with marked lumen-intima border and media-
adventitia border for computer-based calculation of vessel lumen diameter and intima-media thickness. P, eOCT probe.
B. is a schematic representation of vessel wall layers, which can be identified by eOCT and parameters calculated byare visible.
herm
lamin
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pullback treatment. The number of tissue ablations (25%
of intima-media thickness) and perforations detected per
50 mm of treated vein segment is listed in Table I. The
number of ablations or perforations seems to be higher
after paced, pullback treatment with 7 W (LEED, 35.0
J/cm) and 5W (LEED, 25.0 J/cm) than with 3W (LEED,
Fig 5. Endovenous laser therapy (ELT) with paced pu
density at 25 J/cm.Panels A-C,Corresponding cross sec
coherence tomography (eOCT) cross section before repr
cross section with circular homogenization of media sig
including intima and 50% of media thickness. C, Corr
original magnification 40) represents localized therm
including intima and 50% of media thickness, which corr
quadrant of the vein circumference additionally shows d
quadrants of the circumference seems to be intact. No t
Fig 6. Endovenous laser therapy (ELT) with paced pullb
at 35 J/cm. Panels A-C, Corresponding cross section
coherence tomography (eOCT) cross section before ELT
ing localized massive thermal alteration with loss of tissu
Circular homogenization and thickening of media. C, Co
original magnification 40) representing massive tissue
complete vessel wall perforation. Carbonization of intim
is represented by destruction of intima and repetitive de15.0 J/cm).By analyzing eOCT cross sections, it was possible to
exactly measure the length of longitudinal ablations and
perforations after ELT with continuous pullback. This
was not possible using analysis of histologic cross sec-
tions. The length in millimeters of longitudinal ablations
and perforations after ELT with 11 W and continuous
irradiation and pullback with LEED at 36.5 J/cm is also
k at   980 nm, 5W, and linear endovenous energy
of a cow foot study vein (SV11).A,Endoluminal optical
ing normal vein wall layers. B, Corresponding post ELT
tensity. Arrow shows localized loss of tissue (ablation)
ding histologic cross section (hematoxylin-eosin stain,
njury (arrow) with carbonization and tissue ablation
ds with localized increased thermal injury. Media in this
nation with circular fissures. Intima and media in other
al injury has occurred to the adventitia.
t  980 nm, 7W, and laser endovenous energy density
cow’s foot study vein (SV5). A, Endoluminal optical
orresponding eOCT cross section after ELT represent-
luding all vein-wall layers leading to perforation (arrow).
onding histologic cross section (hematoxylin-eosin stain,
uction (arrow), including perivascular tissue leading to
dia, and adventitia is visible. Circular thermal alteration













a, melisted in Table I.
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in all the vein segments, whether after paced pullback or
continuous pullback treatment. Effects range from limited
tissue ablations to transmural vessel wall defects with com-
plete perforations. Vein wall structures opposite tissue ab-
lation or perforation often show no or only minor thermal
alteration. Fewer histologically detected spot-like tissue
ablations or perforations were found after ELT with paced
pullback (10 cross sections per treated vein segment) than
in eOCT cross sections (264 cross sections per treated vein
segment).
Quantitative analysis of media thickness and vessel
lumen with endovascular optical coherence tomogra-
phy and TapeMeasure. After RFA, a statistically signifi-
cant increase of the mean media thickness and a reduction
of mean vessel lumen diameter could be determined in all
post-treatment eOCT cross sections compared with pre-
treatment cross sections (Table II). In Fig 7, A, the mean
media thickness values along SV2 are represented before
and after RFA, as measured with eOCT and TapeMeasure,
and a significant increase is demonstrated (	66.7%, P 
.0001). In Fig 7, B, the mean lumen diameter along the
same treated vein segment showed a significant reduction
Fig 7. A, Example of media thickness (MT) subject to the posi-
tion of the vein length treated with radio frequency ablation
(RFA) standardized TapeMeasure measurement in study vein
segment SV2. B, Example of lumen diameter (LD) subject to the
position of the RFA-treated vein length standardized TapeMea-
sure measurement in study vein-segment SV2.after RFA (41.2%, P  .0001).In the same way, a significant increase of mean media
thickness compared with pretreatment baseline values can
be demonstrated after ELT in all treated vein segments
(SV3 to SV13). Fig 8, A, demonstrates the media thickness
values along SV6 before and after ELT with 7 W. Mean
values (see also Table II) confirm a significant increase after
treatment (	13.0%, P  .0001). Regular localized tissue
ablations are visible and marked on the curve correspond-
ing to points affected by paced pullback. In Fig 8, B, a
significant reduction was found of the mean lumen diame-
ter along the same study vein segment after ELT (41.5%,
P  .0001).
Values of media thickness before and after ELT with 7
W of SV5 are shown in Fig 9. A significant increase of mean
media thickness (	45.7%, P  .0001) and a significant
reduction of mean lumen diameter (45.1%, P  .0001)
were achieved; however, repetitive complete vessel wall
perforations were detected corresponding to points af-
fected by paced pullback.
Fig 10 shows values of media thickness before and after
Fig 8. A, Example of media thickness (MT) subject to the posi-
tion of the vein length treated after paced pullback treatment with
endovenous laser therapy (ELT) at   980 nm, laser endovenous
energy density at 35 J/cm, and endovenous fluence equivalent at
26.1 J/cm2. Standardized TapeMeasure measurement in study
vein-segment SV6. Thin diamond, tissue ablation, 25% to 50% of
MT; thick diamond, tissue ablation 50% of MT. B, Example of
lumen diameter (LD) subject to the position of the ELT-treated
vein length. Standardized TapeMeasure measurement in study
vein-segment SV6.ELTwith 11W and continuous pullback in the treated vein
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thickness (	14.8%, P  .0001) and a significant reduction
of mean lumen diameter (13.6%, P .0001) were calcu-
lated. As a result of continuous irradiation pullback, eOCT
detects longitudinal tissue ablations but no localized repet-
itive ablations.
The extent of pretreatment and post-treatment changes
of mean media thickness or mean vein lumen diameter
shows no direct relation to the LEED or EFE applied to the
particular vein segment. The large variations in EFE that
appeared in our calculations although the same LEED
applied were related to the different vein lumen diameters
(see Table I).
The results of measurements of control veins (CV1 to
Fig 9. Example of media thickness (MT) subject to the position
of the vein length treated with paced pullback endovenous laser
therapy (ELT) at   980, laser endovenous energy density at 35
J/cm, and endovenous fluence equivalent at 40.5 J/cm2. Stan-
dardized TapeMeasureTM measurement in study vein segment
SV5. Solid diamond shows the localization of complete vessel wall
perforations.
Fig 10. Example of media thickness (MT) subject to the position
of the vein length treated with continuous pullback endovenous
laser therapy (ELT) at   980 nm, laser endovenous energy
density at 36.5 J/cm, and endovenous fluence equivalent at 42.6
J/cm2) vein length. Standardized TapeMeasure measurement in
study vein-segment SV9. Thick black line shows tissue ablation
50% of media thickness.CV6), which are listed in Table III, demonstrated certaininterindividual variations. The mean baseline value of me-
dia thickness of all examined vein segments (SV1 to SV13
and CV1 to CV6) is 0.53mm for V. saphena lateralis (VSL)
and 0.39mm for V. digitalis dorsalis communis III (VDD).
The mean baseline value of lumen diameter is 2.81 mm for
VSL and 1.84 mm for VDD.
DISCUSSION
Endoluminal procedures for treating saphenous vein
insufficiency offer an attractive, minimally invasive alterna-
tive to conventional surgical procedures such as high liga-
tion (crossectomy) and stripping. Although endovenous
RFA has become a largely standardized procedure,1,17-19
ELT is characterized by a great variety of treatment modi-
fications that use different laser wavelengths, energy levels,
and pullback protocols.8,9,14,20,21 Most of the treatment
modifications have been used in clinical practice without
previous systematic experimental evaluation. Publications
of experimental investigations under standardized condi-
tions that achieve reproducible data for the existing differ-
ent endovenous thermal procedures and treatment proto-
cols are rare.
To investigate the thermal effects on tissue of RFA and
different ELT treatment protocols and technical modifica-
tions, we used the cow foot to develop an appropriate ex
vivo model12 that can investigate acute thermal effects on
tissue. The major objective of endovenous therapy of insuf-
ficient saphenous veins remains the irreversible occlusion of
the insufficient saphenous vein that results from post-
traumatic healing processes in the weeks after thermal
alteration. This process can only be investigated in living
animal models or clinically in humans. To date, it is unclear
how results obtained from this ex vivo model, which treats
the veins in the foot of a healthy young cow, can be
extrapolated into the clinical situation. However, identify-
ing a certain treatment protocol that leads to a reproduc-
ible, effective complete circular vessel wall thickening (col-
lagen contraction) and avoids complete transmural or
perivascular thermal injury in an ex vivo model could be
useful in reducing the number of experiments with living
Table III. Mean media-thickness and mean vein lumen-
diameter in six control vein segments* using standardized
endoluminal optical coherence tomography and
TapeMeasure measurement







CV, Control vein segment; MT, media thickness; LD, lumen diameter.
*The control vein segments were 50 mm long and did not receive any
endoluminal treatment.animals or the number of clinical trials.
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visualization of thermally affected tissue and cell alter-
ations22; however, they always represent only a limited
section of a complex thermal damage that spreads in a
circular and longitudinal direction along the wall of a
treated vein segment. To obtain a complete histologic
analysis of a longer venous segment, a large number of
histologic sections are required. This consumes time and
many other resources.
Once the morphologic vessel wall structures are iden-
tified, the dynamic, spiraling examination procedure of
eOCT offers the opportunity to obtain high-resolution
optical images and analyze complete vessel segments simul-
taneously in the circular and longitudinal direction. Beyond
that, computer-based electronic processing of eOCT pic-
tures allows quantitative analyses. It is not necessary to
remove the vein from the surrounding tissue for eOCT
evaluation. Thermal vein wall injury can be investigated
without destroying the biologic model, which may in some
cases be live models.
Compared with intravascular ultrasound as the stan-
dard for endovascular optical diagnostic imaging, eOCT
provides a substantially higher resolution that enables the
investigator to distinguish different vessel wall layers. In the
context of endoluminal vein treatment, presented eOCT
will mainly be used in experimental settings. The eOCT
device that was used in our experiments is still a prototype.
When technical problems have been completely solved,
eOCT could also be used in blood-filled vessels. It might be
considered for clinical trials investigating effects on tissue
after RFA and ELT as an additional instrument alongside
transcutaneous duplex ultrasound imaging, but not in clin-
ical routine. Further indications for the use of eOCT in
vascular surgery might include investigating saphenous
veins in situ to evaluate the suitability for venous bypasses
or for intraoperative quality control of bypass anastomoses.
Beyond that, the monitoring of percutaneous intraarterial
or of intravenous interventions such as balloon angioplasty
and stent implantation should be possible.
Endovenous thermal treatment induces protein dena-
turation and destruction of cell structures and leads to
collagen contraction resulting in thickening and induration
of the vein wall.12,23,24 These alterations can be confirmed
in duplex sonography and histologic studies.22,23,25,26 This
study demonstrates the ability of eOCT to detect tissue
ablation and perforation and offers the potential for quan-
tifying immediate thermal alteration such as increased me-
dia thickness and reduced vessel-lumen diameter. Histologic
and eOCT cross sections after RFA showed reproducible,
complete circular thermal alteration. Thermal alteration of
vein wall layers after ELT varied, ranging from localized
tissue ablation in a certain quadrant of the vein circumfer-
ence, with minor changes in other quadrants, up to com-
plete transmural ablations and perforations with circular
thermal alteration. All treated vein segments showed a
statistically significant increase of media thickness after
ELT. The amount of media thickening seems to be more
pronounced, completely circular, and reproducible afterRFA than after ELT. A direct relation between the energy
level applied (LEED, EFE) and the number of tissue abla-
tions/perforations as well as the extent of media thickening
and vein lumen reduction after ELT could not be found.
This might be due to the limited number of treated vein
segments investigated and the varying baseline parameters,
especially pretreatment vein lumen diameter.
Calculations show very clearly how sensitively EFE
reacts to vein lumen diameter. A mathematic model
showed that knowledge of exact vessel diameter is the most
important parameter in calculating the optimal laser energy
dosage to achieve adequate tissue alteration without ad-
verse effects.27 In this series, eOCT measurements of vein
lumen diameters showed large intraindividual and interin-
dividual variations. This might be due to real differences
and also to changing intravascular pressure during mea-
surement. It was not always possible to maintain exactly the
targeted intraluminal pressure of 5.0 to 10.0 cm/H20
during eOCT measurements. This shows that standardiza-
tion of eOCT measurement for the exact calculation of
EFE is needed.
In general, vein lumen diameters in this ex vivo cow
foot model are smaller than usually reported in clinical trials
in which insufficient saphenous veins were treated. For this
reason, findings have to be interpreted with caution even
when the laser power used and the calculated LEED were
adapted to small vein diameters and when the extrapo-
lated EFE might be similar to the clinical situation. We
point out, however, that human saphenous veins can lose
diameter by spasmic contraction after cannulating with
probes for RFA or ELT, which can be clearly observed with
transcutaneous ultrasound. Moreover, three further factors
can reduce lumen diameter down to RFA and ELT probe
diameter, especially distally of the saphenofemoral junc-
tion: head-down position of the patient, perivascular tu-
mescence, and external manual compression. To our
knowledge, no systematic (intraluminal) measurement of
vein diameters in the complete course of a human saphe-
nous vein immediately before or after the endovenous
thermal treatment has been published to date. The small
vein diameters used in our series therefore simulate the
clinical situation when the fiber tip is located very near the
vein wall or touches the vein wall.
In addition to vein lumen diameter, the vein length
treated also seems to be an important variable in evaluating
endovenous procedures. Thermal tissue alteration may
change during treatment of a vein segment 40 to 50 cm
long owing to increasing carbonization of tissue at the
electrodes (RFA) or bare fiber tip (ELT).12
The large variation of thermal effects on tissue after
ELT without a direct inter-relationship to used energy
levels, which we observed in our series, might be due to
very complex mechanisms of endovenous laser-induced
thermal alteration, which are not yet completely under-
stood. These mechanisms include varying amounts of pho-
ton absorption in erythrocytes (hemoglobin) and other
blood components as well as induction of a plasma “steam
bubble” that conducts heat to the vein wall.28 Direct
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been postulated.29 In addition, photon absorption has
been observed in carbonized tissue at the fiber tip, with
subsequent significant heating of the fiber tip10 and direct
conduction of heat energy into the blood and vessel wall.
Energy level does not seem to be the single variable influ-
encing effective circular collagen shrinkage, vein wall thick-
ening, and contraction of vessel lumen in ELT. Vein con-
tent (blood or saline), vein lumen diameter, vein wall
spasm, the position of the bare fiber tip in the lumen, and
the distance of the fiber tip from the vessel wall may
influence the effect on tissue more than laser wavelength or
laser power, which was set at the generator.30
Our experience with these experiments leads us to the
conclusion that technical modifications need to be devel-
oped to standardize ELT-induced thermal alteration and
subsequent effects on tissue. We envision, for example, the
creation of a device to position the laser fiber in the center
of vein lumen or at a defined distance from the vessel wall,
mechanisms to avoid carbonization at the fiber tip, new
fiber tip designs with circular irradiation, and automatic,
computer-controlled pullback devices with feedback mech-
anisms that account for vein lumen diameter and tempera-
ture in the vein wall.
We believe that to effectively occlude an insufficient
saphenous vein, endoluminal thermal procedures should
damage the complete circumference and wall thickness of
intima, internal elastic membrane, media, external elastic
membrane, and adventitia. Semicircular thermal alteration
that leaves parts of the vein circumference uninjured may
lead to regeneration and recanalization. Perforations are a
sign for massive full-thickness thermal alteration with the
potential for ecchymosis, hematoma, or perivascular injury
such as nerve lesions.
Efforts should be made to further improve existing
biologic and mathematic models to investigate and under-
stand the mechanisms of tissue alteration of endovenous
thermal procedures. Existing treatment protocols and new
technologic developments could then be reproducibly eval-
uated in a standardized manner, and the most effective
endovenous procedures avoiding perivenous injury could
be identified without ethical limitations. The results of
these experiments may reduce the number of experiments
using live animals and also the number of clinical trials with
humans.
CONCLUSIONS
In our ex vivo cow foot model, eOCT is able to
reproduce with high sensitivity and specificity normal vein
wall structures as well as endovenous acute thermal alter-
ations, such as tissue ablation and vessel wall perforations,
and thus complements histologic examinations. The use of
dedicated software permits eOCT images to be analyzed
quantitatively to measure media thickness or vein lumen
diameter.
After endovenous thermal therapy with RFA and ELT,
a reproducible and statistically significant increase of media
thickness can be detected. This might be the consequenceof heat-induced collagen contraction. Compared with ELT
with different treatment protocols, the amount of media
thickening and consecutive vein lumen reduction is more
pronounced after RFA.
Ex vivomodels usingmacroscopic, histologic and high-
resolution optical investigationsmay be useful for standard-
ized evaluation of the acute effects on tissue of different
treatment protocols and of new technical developments in
endovenous thermal procedures.
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